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A B S T R A C T
This study evaluates the use of cold plasma technology to induce flavor and aroma modifications and im-
provement of sensory quality in juices and fruit pulps. The work investigated the changes induced by glow
discharge plasma processing on the volatile compounds and flavor profile of fruit pulps, using camu-camu as a
case study. Camu-camu pulp was subjected to glow discharge plasma operating at different processing times (10
to 30 min) and synthetic air plasma flowrates (10 to 30 mL/min). The headspace compounds were identified and
quantified using GC–MS analysis, and consisted mainly of terpenoids, sesquiterpenoids, and alcohols. Cold
plasma application induced a series of chemical modifications in the volatile compounds. The chemical pathway
of the reactions induced by plasma application was proposed and discussed. The changes in the composition of
the volatile compounds varied with the operating conditions, and induced changes in the aroma and flavor of the
juice. Depending on the operating condition, modulation of aroma and flavor was possible increasing or de-
creasing, up to a certain level, the woody (34.2%), herbal (29.1%), terpenic (47.3%), spicy (18.2%), citrus
(28.7%), and camphoraceous (81.9%) notes of the juice. The results presented in this work open the possibility
of flavor and aroma modifications and improvement of sensory quality in food products, using plasma tech-
nology.
1. Introduction
Consumers seek foods and products with a high content of healthy
compounds. New innovative technologies for food processing, such as
ultrasound, cold plasma, pulsed UV light, and ozone processing, are
being developed to improve food quality and microbiological safety.
The replacement of thermal processing for non-thermal processing is a
trend in food treatment science due to the thermolabile characteristics
of antioxidant compounds, vitamins, natural pigments, taste and aroma
compounds (Li, Chen, Zhang, & Fu, 2017; Putnik et al., 2018). Processes
that can operate at low temperatures (below 30 °C) may reduce the
degradation and may maintain the nutritional quality of these com-
pounds.
In the early stages of the development of non-thermal technologies
to food products, researchers claimed that several of these technologies
would maintain the nutritional and sensory quality of food products. As
more studies were made, and more advanced chemical analysis
equipment and methodologies were employed, this claim did not hold
as entirely true. Current knowledge showed that non-thermal
technologies may alter both nutritional and sensory quality of foods,
because they induce a series of chemical reactions. These changes
strongly depend on the food matrix, and can be used to improve food
quality (Alves Filho et al., 2016, 2018; Coutinho et al., 2018;
Fernandes, Rodrigues, García-Pérez, & Cárcel, 2016; Gavahian, Chu,
Khaneghah, Barba, & Misra, 2018; Grzegorzewski, Rohn, Kroh, Geyer,
& Schluter, 2010; Herceg et al., 2016; Rodrigues, Fernandes, García-
Pérez, & Cárcel, 2017; Rodríguez, Gomes, Rodrigues, & Fernandes,
2017).
The nutritional quality of several pulps and juices improved with
cold plasma processing. Some studies showed that antioxidant capacity,
total phenolics content and vitamin C content increased after cold
plasma processing and that this technology can be used to produce
more nutritious foods with better bioaccessibility of nutrients (Almeida
et al., 2017; Alves Filho et al., 2016; Chizoba Ekezie, Sun, & Cheng,
2017; Pankaj, Wan, Colonna, & Keener, 2017). The study of cold plasma
processing on sensory quality (odor and flavor) still relies upon sensory
evaluations done mostly with untrained panelists that give a hedonic
score to whether they like or dislike the odor, color, and flavor of foods.
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Profound studies on the chemical nature of odor and taste changed
during non-thermal processing are rare.
Camu-camu (Myrciaria dubia) is a typical fruit from the Myrtaceae
family, commonly found in the Amazonian forest, and that is known for
its high concentration of vitamin C (Akter, Oh, Eun, & Ahmed, 2011;
Comapa et al., 2019). The scent of camu-camu results mainly from
terpenoids and sesquiterpenoids, namely α-pinene, limonene and β-
caryophyllene (Franco & Shibamoto, 2000).
The main goal of this study was to identify and discuss the chemical
pathway of the reactions induced by glow discharge plasma application
on a juice rich in terpenoids and sesquiterpenoids, and to evaluate if
cold plasma technology can be used to change the flavor profile of food
products.
2. Materials and methods
2.1. Sampling
Camu-camu (Myrciaria dubia) fruits were purchased from a local
producer (Manaus, Brazil). The fruits were manually selected, removing
fruits with injury or illness, and sanitized in sodium hypochlorite so-
lution (1% w/w). The pulps were obtained from mechanical pulping
and stored at −18 °C until processing.
2.2. Plasma processing
Glow discharge plasma treatments were carried out by using a
benchtop plasma system PE-50 (Plasma Etch, USA). Plasma was gen-
erated in synthetic air (grade FID 4.0, purity 99.95%, White Martins,
Brazil). A 50 kHz radio frequency source was used to excite the ions and
create plasma applying 80 kV through the electrodes. The gas passing
through the electrode was fed into a processing chamber
(19 × 22 × 9 cm), which contained the samples. A vacuum pump was
used to maintain the processing chamber at 0.3 bar (Fig. 1). The ex-
periments with camu-camu pulps were carried out at three different air
plasma flow rates (10, 20, and 30 mL/min) and three processing times
(10, 20 and 30 min). The operating range for plasma flow rate and
processing time were based on previous studies of our group that
showed that these ranges are more significant to induce changes in fruit
juices (Alves Filho et al., 2017, 2018; Rodríguez et al., 2017). For each
experiment, three polypropylene tubes with 40 mL of pulp were placed
in the treatment chamber and subjected to glow discharge plasma
treatment for 10, 20, and 30 min. A reference sample was stored
without being treated by plasma technology. All plasma processing was
carried out in triplicates.
2.3. GC–MS analysis
The procedure of GC–MS analysis was carried out according to a
previous of our group (de Godoy Alves Filho et al., 2017). An aliquot of
8.0 mL of camu-camu pulp was added to a 20 mL vial and equilibrated
at 60 °C for 10 min with constant stirring at 500 rpm. An automatic
SPME holder (Supelco, Bellafonte, PA, USA) with a DVB/CAR/PDMS
(50/30 μm) of 2 cm length fiber was used to capture the volatile
compounds. The SPME fiber was exposed to the sample headspace at
constant depth for 25 min. The temperature was kept at 60 °C
throughout the extraction of the volatile compounds without agitation.
After the extraction, the volatiles was directly desorbed on the GC liner
and maintained at 250 °C for 3 min for fiber reconditioning. Samples
were analyzed in a GC–MS Varian/Agilent 450GC-240MS connected to
an ion trap detector operating in the EI mode at 70 eV and 200 °C with a
mass scan range of 40 to 400 m/z at a sampling rate of 3.0 μs cans. The
carrier gas was helium at 1.0 mL/min. The injector and the interface
temperatures were 250 °C in splitless mode. The temperature ramp was:
40 °C for 2 min, increased to 200 °C at 5 °C·min−1. The temperature was
held at 200 °C for 5 min and then increased to 260 °C at 30 °C·min−1.
The final temperature (260 °C) was held for 5 min. Chromatographic
separations were performed using 5% phenyl-methyl column
(30 m × 0.25 mm ID × 0.25 μm film). The camu-camu components
were identified by comparing their retention indexes (RI) with a C8–C30
n-alkanes series (van Den Dool & Kratz, 1963). The mass spectra were
compared with the NIST mass spectra library and with those available
in the literature (Franco & Shibamoto, 2000; Pino & Quijano, 2008;
Quijano & Pino, 2007).
2.4. Odor and flavor activity values
The compounds present in camu-camu pulp were grouped according
to their primary odor and primary flavor description based on the in-
formation available in the “The Good Scent Company” database
(Company, 2019).
The odor activity value was calculated based on the mass fraction of
each compound divided by its odor threshold in air (Grosch, 2001). The
scores of each compound were summed according to their primary odor
description notes. The five main odor description notes that give camu-
camu its characteristic aroma were plotted: Citrus, Spicy, Camphorac-
eous, Woody, and Herbal.
The flavor activity value was calculated based on the mass fraction
of each compound divided by its odor threshold in water, which is
proportional to its flavor dilution values (Grosch, 2001). The scores of
each compound were summed according to their primary flavor de-
scription notes. The five main description notes that give camu-camu its
characteristic flavor were plotted: Citrus, Spicy, Camphoraceous,
Woody, and Terpenic.
The values for odor threshold in air and odor threshold in water
were obtained in the literature (Buttery, Ling, & Light, 1987; Fazzalari,
1978; Padrayuttawat, Yoshizawa, Tamura, & Tokunaga, 1997; Qian &
Wang, 2005; Usami, Ono, Marumoto, & Miyazawa, 2013; Xiao, Chen,
Niu, & Chen, 2017). Construction of the aroma and flavor profiles radar
followed the methodology presented in the literature (Grosch, 2001;
Teixeira, Barrault, Rodríguez, Carvalho, & Rodrigues, 2014).
3. Results and discussion
3.1. Changes in the volatile compounds profile induced by glow discharge
plasma
An identification of the main volatile compounds in camu-camu
pulp was performed, which is illustrated by the chromatogram pre-
sented in Fig. 2. Table 1 describes the respective retention times (RT),
experimental and reference retention indices (RI), and the match value
from NIST.Fig. 1. Scheme of the glow discharge plasma system.
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Table 2 presents the volatile profile of camu-camu pulp subjected
glow discharge plasma under different operating conditions. The pro-
cess carried out at the lowest fluence (total gas plasma applied to the
pulp) did not change significantly (p < 0.05) the volatile profile of the
pulp. All other operating conditions changed significantly (p < 0.05),
the volatile profile of the pulp.
Overall, glow discharge plasma induced the formation and thus,
increase of alcohols in the volatile profile of the pulp. The contents of 3-
methylbutan-1-ol, hex-3-en-1-ol, hexan-1-ol, α-fenchol, borneol, 4-ter-
pineol, and α-terpineol increased with plasma application. The contents
of ethyl butanoate, α-pinene, limonene, terpinolene, and β-car-
yophyllene also increase with plasma application. On the other hand,
the contents of α-humulene, α-bulnesene, γ-cadinene, cadina-1(2),4-
diene, selina-3,7(11)-diene, α-calacorene, germacrene B, β-pinene,
myrcene, and α-phellandrene decreased with glow discharge plasma
application.
Synthetic air plasma formed in a glow discharge plasma system
consists of a series of ions, radicals, ozone, and peroxides. In the mode
of operation used to treat fruit pulps in glow discharge plasma, the fruit
pulp is not in direct contact with the synthetic air plasma, but to the
plasma species formed inside the fruit pulp container. As such, the
plasma formed in the container will consist of a series of ions, radicals,
and peroxides, also containing hydrogen species generated due to the
high amount of water. The main compounds are hydroxyl radical,
singlet oxygen, hydrogen peroxide, ozone, hydrogen radical, nitrite
anion, hydrogen cation, water cations (H2O+ and H3O+) (Ito, Uchida,
Nakajima, Takenaka, & Setsuhara, 2017; Takahashi et al., 2016). All
these compounds can react with the volatile compounds in camu-camu
juice inducing several chemical changes.
Glow discharge plasma induced several chemical reactions in the
pulp, including rearrangement, ring-opening, ring closure, hydrogena-
tion, and hydrolysis of molecules. Simple rearrangement reactions oc-
curred producing α-pinene from β-pinene and camphene (Fig. 3a, b)
(Liu et al., 2008; Yang, Liu, Zhou, & Zhang, 2011). The increase in α-
pinene induced further rearrangement reactions yielding limonene and
hydration reactions producing 4-terpineol and α-terpineol (Fig. 3c).
Hydrolysis of camphene also increased the contents of α-fenchol and
borneol (Fig. 3d) (Liu et al., 2008).
The rearrangement of β-pinene into α-pinene and then further on to
limonene could be observed especially in low plasma flowrate (10 mL/
min) and mild to high processing time (20 to 30 min). The hydrolysis of
both camphene and β-pinene into borneol and α-fenchol occurred in
most conditions (except 10 mL/min; 10 min) with higher intensity
occurring at the processing conditions: 10 mL/min - 30 min, and
20 mL/min - 10 min. The same processing region was responsible to the
highest increases in 4-terpineol and α-terpineol, which are hydrolysis
products from limonene and its isomers, such as α-phellandrene and γ-
terpinene that showed the highest reduction at this processing region.
Hydrolysis reaction occurred in all processing conditions, except for
10 mL/min – 10 min, with higher intensity occurring at 10 mL/min –
20 min, 10 mL/min – 30 min and 20 mL/min – 10 min, operating region
where a larger amount of water cations (H2O+ and H3O+) may be
forming during plasma application.
Fig. 2. Representative chromatogram of an aqueous extract from the camu-camu pulp.
Table 1
GC-MS parameters for volatile compounds identified on the camu-camu head-
space.
No. Compound rt (min) RI (exp.) RIa (lit) Match
1 3-Methylbutan-1-ol 3.793 730 731 957
2 Ethyl butanoate 5.670 804 804 895
3 Hex-3-en-1-ol 7.808 854 – 962
4 1-Hexanol 8.450 869 871 936
5 α-Pinene 11.492 931 939 955
6 Camphene 12.310 946 954 964
7 β-Pinene 13.756 972 979 944
8 Myrcene 14.800 991 991 917
9 α-Phellandrene 15.391 1002 1003 907
10 Limonene 16.861 1028 1029 952
11 γ-Terpinene 18.630 1058 1060 960
12 Terpinolene 20.280 1087 1089 943
13 α-Fenchol 21.556 1112 1117 949
14 Borneol 23.950 1166 1169 950
15 4-Terpineol 24.490 1179 1177 943
16 α-Terpineol 25.176 1194 1189 935
17 β-Caryophyllene 30.813 1428 1419 972
18 α-Humulene 31.373 1464 1456 938
19 α-Bulnesene 31.990 1504 – 925
20 γ-Cadinene 32.149 1516 1514 911
21 Cadina-1(2),4-diene 32.359 1532 1535 911
22 Selina-3,7(11)-diene 32.563 1547 1547 914
23 α-Calacorene 32.658 1554 1549 947
24 Germacrene B 32.868 1570 1570 916
a RI (lit): literature data.
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The conversion of β-pinene, α-pinene and camphene into 4-terpi-
neol, α-terpineol, α-fenchol, and borneol occurs in acidic medium,
which is the case of camu-camu pulp (pH = 2.0 ± 0.1), but the re-
actions need a catalyst to happen (Yang et al., 2011). Glow discharge
plasma induces the formation of several reactive oxygen and nitrogen
species (ROS and RNS), which interacts with the liquid medium indu-
cing further formation of water derived reactive species, including H%
and OH% that can react with α-pinene and camphene. Liu et al. (2008)
linked the formation of alcohols from α-pinene to the acidic intensity of
the reaction medium or the catalyst, attaining higher content of alcohol
with the increase of the acidic intensity of the medium.
The contents of γ-terpinene, α-phellandrene and terpinolene tended
to decrease after plasma application due to the rearrangement of the
molecule towards the formation of limonene (Fig. 3c). The lowest
concentrations of myrcene and α-phellandrene, γ-terpinene and terpi-
nolene occur at the processing conditions where more hydrolysis re-
actions are occurring and a shift on the equilibrium between them and
limonene goes in the direction of the formation of limonene, which is
converted into the its hydrolysis product.
The equilibrium between these three compounds shifted towards
the formation of γ-terpinene and terpinolene when the highest plasma
flow rate (30 mL/min) was applied for a short period (10 min), redu-
cing the contents of limonene. The highest formation of terpinolene
occurred at a plasma flow rate of 10 mL/min and 20 min of processing
and at a plasma flow rate of 30 mL/min and 10 min of application. The
region where the concentration of γ-terpinene and terpinolene are at its
maximum have similar fluences and happen when the concentrations of
limonene and α-phellandrene are not high. At the same time, the hy-
drolysis reactions in this operating region are not so high, indicating
that at these fluences the water cations concentration may not be at its
maximum, and that hydrogen cations may be at higher concentrations
because they are chemically responsible for these kinds of equilibrium
shifts. In the same region, the equilibrium between α-pinene and
camphene is shifted towards camphene, which may also be related to
this specific plasma environment.
Complex rearrangements and hydrogenation were observed in
compounds derived from the farnesyl cation (Fig. 4). The compounds α-
humulene, α-bulnesene, γ-cadinene, cadina-1(2),4-diene, selina-
3,7(11)-diene, α-calacorene and β-germacrene underwent a series of
reactions towards the formation of β-caryophyllene, which was the only
compound of this group to increase (Fig. 4).
Some authors investigating sesquiterpene transformations proposed
the probable pathway towards the formation of β-caryophyllene
(Agger, Lopez-Gallego, & Schmidt-Dannert, 2009; Chen et al., 2009;
Dauben, Hubbell, & Vietmeyer, 1975;Konen & Wust, 2019; Kumeta &
Ito, 2016). Humulene is hydrogenated, forming the humulene cation,
which undergoes a 2,10-ring closure forming the caryophyllene cation
that is further dehydrogenated giving β-caryophyllene (Kumeta & Ito,
Fig. 3. Chemical reactions induced by glow plasma application on α-pinene, β-pinene, and camphene.
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2016). Germacrene is dehydrogenated, forming the germacrene cation,
which goes through a molecular rearrangement and 10,1-ring-opening
forming the farnesyl cation that goes through an 11,1-ring closure
forming the humulene cation (Konen & Wust, 2019). The compound α-
bulnesene is hydrogenated forming the bulnesene cation, which pro-
duces the germacrene cation through a 6,2-ring-opening reaction
(Konen & Wust, 2019; Kumeta & Ito, 2016).
The compounds γ-cadinene, cadina-1(2),4-diene, and selina-
3,7(11)-diene are hydrogenated forming intermediates, which form the
cadinyl cation through the hydride shift. The cadinyl cation goes
through a 6,1-ring-opening forming the germacrene cation, which
continues to react forming after that the farnesyl cation, humulene
cation until the formation of β-caryophyllene that showed to be the
most stable compound under glow discharge plasma application (Agger
et al., 2009; Chen et al., 2009; Konen & Wust, 2019).
The decrease in the content of α-calacorene may be directly related
to the hydrogenation of its double bonds. The compound can be hy-
drogenated into γ-cadinene, cadina-1(2),4-diene, or δ-cadinene, which
will also hydrogenate, forming the cadinyl cation in the sesquiterpenes
reaction pathway.
The changes observed in sesquiterpenoids showed that most of the
reactions were due to hydrogenation, which reduced the contents of α-
humulene, γ-cadinene, α-cadinene, α-calacorene, cadina-1(2),4-diene
and selina-3,7(11)diene. All operating condition, except for the pro-
cessing at 10 mL/min – 10 min, decreased these compounds. The
highest percentual changes were also observed at the operating con-
ditions of 10 mL/min – 30 min and 20 mL/min – 10 min, which showed
similar trend as the production of alcohols from terpenoids.
The changes observed in terpenoids and sesquiterpenoids show that
plasma is changing the aqueous media in the juice, producing plasma-
derived species that lead to hydrogenation and hydrolysis such as
H3O+, OH−, OH% and H+. The highest changes were observed at the
processing conditions 10 mL/min - 30 min, 20 mL/min – 10 min, and
30 mL/min – 30 min, which may be related to the concentration of
plasma species in the system and the efficiency of the system in gen-
erating plasma species. At low flow rates (10 mL/min), the amount of
plasma species been generated is at its lowest and a lower concentration
of plasma species may be present in the treatment chamber, and more
time (30 min) is required for the reactions to take place. As the flow rate
increases to 20 mL/min, the concentration of plasma species increases
and the reactions become faster, with the main effects being observed at
earlier processing times (10 to 20 min). Increasing the flow rate to
30 mL/min a loss of efficiency in the generation of plasma is observed.
Probably the system generates similar amount of plasma species as in
the process carried out at 20 mL/min, but the species are diluted with
synthetic air that did not form plasma species, reducing the overall
Fig. 4. Chemical reactions induced by glow plasma application on α-humulene, α-bulnesene, cadina-1(2),4-diene, γ-cadinene, selina-3,7(11)-diene, α-calacorene and
germacrene B.
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concentration of these species and the rate of reactions. This loss of
efficiency may explain the observations that the main changes are ob-
served only at 30 min of processing when operating at a 30 mL/min
synthetic air flow rate.
Glow discharge plasma application increased the contents of hexan-
1-ol and hex-3-en-1-ol. These two compounds are typical green leaves
volatiles (GLVs) and are produced naturally in plants, being derived
from linoleic acid thought the lipoxygenase (LOX) enzymatic route (Hu
et al., 2018). The pathway produces hexanal and hex-3-enal by the
oxygenation of linoleic acid through the catalysis of LOX, which further
reduction of the aldehydes producing hexan-1-ol and hex-3-en-1-ol
(Fig. 5) (Hu et al., 2018). According to our results, the aldehyde in-
termediate was converted entirely into alcohol since no aldehyde was
observed in the chromatographical analysis. The increase in the con-
tents of hexan-1-ol and hex-3-en-1-ol observed in camu-camu pulp in-
dicate that either the LOX enzyme was activated by plasma application
or the oxidation of linoleic acid was catalyzed by the reactive oxygen
species formed during plasma generation.
3.2. Changes in aroma profile induced by glow discharge plasma
Table 3 shows the odor descriptions and odor strength of the
volatile compounds present in the camu-camu pulp. The chemical re-
actions induced by glow discharge plasma application on the com-
pounds of camu-camu pulp had a direct effect on the aroma profile of
the pulp, with significant changes in odor notes.
Fig. 6 presents the aroma profile radar for the untreated camu-camu
pulp and five cases where significant changes in the aroma profile could
be noted. At low fluence (short processing time and low plasma flow
rate), the woody notes of the pulp increased by 9.4%, given the slight
increase in the amount of α-humulene, α-bulnesene, γ-cadinene, ca-
dina-1(2),4-diene, α-calacorene and germacrene B and decrease in β-
caryophyllene. The increase in the woody notes was accompanied by a
reduction of 23.7% in the camphoreous notes due the shift in the
equilibrium of α-fenchol towards camphene that shifts the camphor-
eous note towards woody note. (Fig. 6b).
As the fluence increases, either by increasing the processing time
either by increasing the plasma flowrate, the loss of woody and citrus
notes become significant. Applying glow discharge plasma for 20 min at
a 10 mL/min air plasma flowrate decreased the woody notes by 15.3%
due to the partial conversion of α-humulene, α-bulnesene, γ-cadinene,
cadina-1(2),4-diene, α-calacorene and germacrene B into β-car-
yophyllene. The camphoraceous notes increased by 15.2% due to the
shift in the equilibrium between α-fenchol and camphene, now towards
the formation of α-fenchol that has a strong camphoraceous note. The
herbal notes increased by 12.1% due to the shift in the equilibrium
between limonene, terpinolene and γ-terpinene towards terpinolene,
which decreases the terpenic and citrus notes and increases the herbal
notes (Fig. 6c).
Increasing the air plasma flow rate to 20 mL/min resulted in sig-
nificant changes in all aroma notes. At plasma flow rate 20 mL/min and
10 min of application, the woody and citrus notes dropped by 32.0%
and 28.7%, respectively. The herbal and camphoraceous notes in-
creased by 34.2 and 81.9%, respectively (Fig. 6d). The change in aroma
profile caused by the high degree of conversion of α-humulene, α-
bulnesene, γ-cadinene, cadina-1(2),4-diene, α-calacorene and germa-
crene B into β-caryophyllene, increased the spicy note and reduced the
woody notes. Under this condition, the conversion of β-pinene, cam-
phene, γ-terpinene, terpinolene, and α-phellandrene into alcohols, such
as 4-terpineol, α-terpineol, borneol, and α-fenchol increased both the
Fig. 5. Chemical reactions induced by glow plasma application on linoleic acid.
Table 3
Odor description of the main volatile compounds of camu-camu juice.
Compound Primary odor description Secondary odor description Odor strength Odor threshold (μg/g air)
3-Methylbutan-1-ol Fermented Alcoholic, pungent Medium 3.06
Ethyl butanoate Fruity Sweet High 1.00
Hex-3-en-1-ol Green Bitter, earthy, fatty High 0.20
Hexan-1-ol Herbal Pungent, ethereal, fruity Medium 0.10
α-Pinene Herbal Sharp, fresh, pine Medium 1.62
Camphene Woody Fresh, herbal, camphoraceous Medium 0.15
β-Pinene Herbal Dry, woody, fresh, pine High 2.50
Myrcene Spicy Peppery, terpenic, balsamic High 0.10
α-Phellandrene Citrus Terpenic, herbal, pine Medium 0.16
Limonene Citrus Orange, fresh, sweet Medium 1.20
γ-Terpinene Terpenic Oily, woody, lemon Medium 0.60
Terpinolene Herbal Fresh, woody, sweet Medium 0.04
α-Fenchol Camphoraceous Pine, woody, dry Medium 0.20
Borneol Balsamic Pine, woody, camphoraceous Medium 0.18
4-Terpineol Spicy Peppery, woody, earthy Medium 1.20
α-Terpineol Pine Floral, lilac Medium 6.80
β-Caryophyllene Spicy Sweet, woody, dry Medium 0.15
α-Humulene Woody – Medium 0.12
α-Bulnesene – – – –
γ-Cadinene Woody – Medium 0.12
Cadina-1(2),4-diene Woody Dry Medium 0.12
Selina-3,7(11)-dienea – – – –
α-Calacorene Woody – Medium 0.12
Germacrene B Woody Earthy, spicy Medium 0.12
a Selina-3,7(11)-diene and α-bulnesene do not have primary odor descriptions, and no odor thresholds values are available due to the little contribution to aroma
characteristics.
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herbal and camphoraceous notes. The increase in the camphoraceous
and spicy notes were so intense that it decreased the relevance of the
citrus note, even with the increase noted in the amount of limonene.
The highest increase in the spicy notes was attained at a plasma flow
rate of 20 mL/min and 30 min of application. Under this condition, the
woody and citrus notes dropped by 18.0% and 19.6%, respectively; and
the spicy notes increased by 18.2% (Fig. 6e). The change in aroma
profile caused by the high degree of conversion of α-bulnesene, γ-ca-
dinene, α-calacorene and germacrene B into β-caryophyllene, increased
the spicy note and reduced the woody notes, despite the increase in the
relative amount of camphene that increases the woody notes. An in-
crease in the herbal notes accompanied the increase in the spicy notes
due to the increase in the amount of α-pinene formed by the iso-
merization of terpinolene and α-phellandrene.
At the highest fluence studied herein (highest plasma flowrate and
longest processing time), the increase in the herbal notes was more
pronounced (29.1%), while less pronounced changes in the spicy notes
were observed. The increase in the herbal note was possible due to the
Fig. 6. Odor description radar for camu-camu pulps subjected to glow discharge plasma application: (a) untreated pulp; (b) 10 min at 10 mL/min air plasma flowrate;
(c) 20 min at 10 mL/min air plasma flowrate; (d) 10 min at 20 mL/min air plasma flowrate; (e) 30 min at 20 mL/min air plasma flowrate; (f) 30 min at 30 mL/min air
plasma flowrate.
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increase in the amount of α-pinene, derived from the plasma-induced
isomerization of β-pinene. At the same time, this operating condition
does not favor the hydrolysis of α-pinene, limonene, and terpenes
leading to less volatile alcohols, which gives the spicy and camphor-
aceous notes of the pulp (Fig. 6f).
All operating conditions induced some degree of change in the
aroma profile of camu-camu pulp. The camphoraceous notes were more
easily modulated, with changes ranging from −23.5 to +81.9%.
Woody and citrus notes presented a good range of modulation, allowing
the change in the herbal and spicy notes from −4.7 to +34.2% and
from −4.5 to 18.2%, respectively.
3.3. Changes in flavor profile induced by glow discharge plasma
Table 4 shows the flavor descriptions and odor strength of the
compounds in water present in the camu-camu pulp. The chemical re-
actions induced by glow discharge plasma application on the headspace
compounds of camu-camu pulp had a direct effect on the flavor profile
of the pulp, with changes in flavor notes.
Fig. 7 presents the flavor profile radar for four cases where changes
in the flavor profile could be noted. At low fluence (short processing
time and low plasma flow rate), the camphoraceous notes of the pulp
decreased by 15.5% due to the decrease in camphene, borneol and α-
fenchol. An increase in the terpenic notes accompanied the reduction in
the camphoraceous notes, because camphene, borneol and α-fenchol
were converted into α-pinene, and α-pinene was then converted into γ-
terpinene and α-phellandrene. The citrus notes reduced slightly due to
the shift in the equilibrium between limonene, terpinolene, γ-terpinene
and α-phellandrene towards γ-terpinene and α-phellandrene (Fig. 7a).
The increase in plasma flow rate to 20 mL/min increased the
camphoraceous and spicy notes; and reduced the woody and citrus
notes. Under this condition, the hydrolysis of α-pinene into 4-terpineol
and α-terpineol reduced the woody note giving the flavor a more
cooling note; and the hydrolysis of camphene into borneol and α-
fenchol resulted in a more intense camphoraceous note due to the lower
odor threshold in water of borneol and α-fenchol. The increase in β-
caryophyllene increased the spicy note of camu-camu flavor (Fig. 7b).
At the highest fluence studied herein (highest plasma flowrate and
longest processing time), the decrease in the woody and terpenic notes
was significant (15.4 and 26.7%, respectively), while observing a slight
increase in the camphoraceous note (Fig. 7c). All operating conditions
induced some degree of change in the flavor profile of camu-camu pulp,
however due to the higher odor thresholds in water, the changes in-
duced in flavor are less intense than in aroma. Nevertheless, it was
possible up to certain extent to induce flavor and aroma changes in this
fruit pulp; and glow plasma discharge technology could be used to in-
duce more pleasant flavor and aroma to some juices and even correct
off-flavors without resorting to food additives.
4. Conclusions
Glow discharge plasma processing induced a series of chemical
transformations in the volatile compound profile of camu-camu pulp.
The changes affected mostly terpenes, sesquiterpenes, and green leave
volatiles derived from linoleic acid. The changes in the volatile com-
pounds had direct effect on the aroma profile, especially in the woody,
pine, and spicy notes of the pulp fragrance; and on the flavor profile,
especially in the woody, camphoraceous and citrus notes of the pulp
flavor. The operating conditions during plasma application (processing
time and plasma flowrate) had a significant role in the chemical
transformations. Proper setting of the operating conditions could be
used to modulate the chemical reactions, and therefore the aroma and
flavor profile of the pulp. The results presented in this work open the
possibility of flavor modifications and improvement of sensory quality
in food products, using cold plasma technology.
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Table 4
Flavor description of the main volatile compounds of camu-camu juice.
Compounda Primary flavor description Secondary flavor description Odor threshold (μg/L water)
3-Methylbutan-1-ol Fusel Fermented, fruity, banana 50
Ethyl butanoate Acidic Fruity, tropical, creamy 6
Hex-3-en-1-ol Green Fresh, raw, fruity 70
Hexan-1-ol Green Fruity, apple, skin 2500
α-Pinene Woody Pine, terpenic, camphoraceous 62
Camphene Camphoraceous Cooling, minty, citrus 1980
β-Pinene Pine Fresh, woody, terpenic 140
Myrcene Woody Vegetable, citrus, fruity 14
α-Phellandrene Terpenic Citrus, lime, fresh 200
Limonene Citrus Sweet, orange, terpenic 10
γ-Terpinene Terpenic Citrus, lime, oily 40
Terpinolene Woody Terpenic, lemon, lime 200
α-Fenchol Camphoraceous Cooling, medicinal, minty 3
Borneol Camphoraceous Minty, herbal, earthy 140
4-Terpineol Cooling Woody, earthy, clove 340
α-Terpineol Citrus Woody, lemon, lime 330
β-Caryophyllene Spicy Clove, woody, nut 64
γ-Cadinene Woody Terpenic, herbal, vetiver –
Cadina-1(2),4-diene Woody Terpenic, herbal, vetiver –
α-Humulene Woody – 120
a Germacrene B, selina-3,7(11)-diene, α-bulnesene, and α-calacorene do not have primary flavor descriptions, and no odor thresholds values are available due to
the little contribution to flavor characteristics. Odor threshold values in water are not available for cadina-1(2),4-diene and γ-cadinene.
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